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St®.  MARY 


A  short  review  is  presented  of  the  oommoroially  available  glandless 
drives  in  which  rotary  motion  is  induced  in  a  driven  member  by  the  rotating 
magnetlo  fields  of  the  driving  member. 

The  description  is  given  of  a  commercial  glandless  drive  in  which  per¬ 
manent  magnets  are  employed  to  generate  the  rotating  field.  The  results  of 
a  series  of  experiments  designed  to  determine  the  best  practical  field  dis¬ 
tribution  are  given. 

The  probable  mechanism  of  the  flux  employment  is  discussed. 

It  is  concluded  that  the  commercial  drivo  do  scribed  does  not  use  to  the 
full  the  permanent  magnet  field  available.  An  arrangement  of  tie  permanent 
magiots  to  use  more  efficiently  the  flux  available  is  suggested. 
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1.  In  recent  times  two  forms  of  rotary  glandleBa  drive  have  become  available 
oommeroially.  These  drives  are  usually  associated  with  pumps  but  can  also  be 
adopted  for  driving  stirrers  in  dosed  vessels.  The  common  feature  of  the 
tow  types  is  the  use  of  a  rotating  magnetic  field  to  induce  rotation  in  the 
driven  member  of  the  coupling,  this  member  being  completely  isolated  from  the 
driving  member  by  the  wall  of  the  pump  or  vessel.  They  differ  fundamentally 
in  the  method  by  which  the  rotating  field  is  produced,  polyphase  alternating 
ourrents  in  conjunction  with  a  suitably  wound  stator,  being  used  in  one  case, 
whilst  in  the  other  a  system  of.  permanent  magnets  is  employed,  mounted  on 
bearings  and  driven  by  a  prime  mover. 

When  alternating  ourrents  are  used,  the  drive  is  in  the  form  of  a  squirrel 
oage  motor  with  its  airgap  increased  to  enable  a  non-magnetio  diaphragm  to  be 
inserted  between  the  stator  and  rotor.  The  rotor  with  its  bo  tarings  is  com¬ 
pletely  separated  from  the  stator  by  the  diaphragm,  which  becomes  part  of  the 
pump  casing  or  vessel  wall.  Due  to  the  necossarily  large  airgap,  such  a  motor 
has. a  lower  efficiency  than  a  standard  maohine  and  the  consequent  Iossob  appear 
as  heat  which  has  to  he  removed.  The  enclosure  of  the  rotor  upsets  the 
normal  motor  ventilation  system  and  the  removal  of  the  heat  must  be  aohieved 
in  other  wayB.  When  such  a  drive  is  used  in  a  pump  the  liquor  being  handled 
is  usually  used  as  the  coolant.  It  is  allowed  to  circulate  round  the  rotor 
and  extracts  the  heat  from  the  stator  through  the  diaphragm.  The  Sigmund 
Thermo  Pack  circulator  for  central  heating  systems  is  a  typionl  example  of  the 
construction  employed. 

The  use  of  permanent  magnets  enables  a  more  efficient  prime  mover  to  be 
used  and  the  cooling  of  the  coupling  is. unlikely  to  require  special  attention} 
against  these  advantages  must  be  considered  the  provision  of  a  bearing  systom 
for  the  housing  of  the  permanent  magnets  which  may  be  in  the  form  of  either  a 
diso  or  drum.  The  magnets  are  mounted  so  that  their  poles  f ace t ho  diaphragm 
and  the  field  so  formed  is  used  to  react  with  a  rotor  within  the  pump  or 
vessel.  This  rotor  oan  be  constructed  so  as  to  employ  a  number  of  different 
reactions  with  the  rotated  field  to  induce  rotation  in  itself}  viz  eddy 
currents,  magnetic  hysteresis  or  attraction  and  repulsion.  For  the  large 
airgaps  necessary  for  the  drives  under  consideration  the  last  mentioned 
reaction  is  the  most  satisfactory  for  the  transmission  of  largo  torques  said 
it  is  to  its  use  that  attention  is  drawn. 
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2i  The  component  parts  of  a  stirrer  drive  incorporating  a  permanent  magnet 
coupling  are  shown  in  Figure  I.  This  drive  was  manufactured  "by  Hydraulio  and 
Mechanical  Developments  Ltd.  of  116  Victoria  Street,  London,  and  the  coupling 
is  a  Howard  Permanent  Magnet  Coupling,  to  Patent  No.  670682,  having  a  pull-out 
torque  of  10  lb.  ft.  Xn  this  coupling  permanent  magnets  are  housed  in  the 
outer  driving  member  and  the  inner  driven  member.  The  magnets  are  of  'horse¬ 

shoe'  form  and  are  arranged  in  the  two  parts  of  the  coupling  to  form  a  series 
of  raagnetio  circuits  as  shewn  in  Figure  II.  When  the  coupling  is  loaded,  one 
ring  of  magnets  is  displaced  relative  to  the  other  and  the  two  parts  of  the 
coupling  run  at  the  game  speed  with  a  constant  relative  displacement.  If  the 
ooupling  is  overloaded,  the  driven  member  comes  to  rest  with  no  torque  being 
■exerted  on  it.  | 

It  is  olaimed  by  the  manufacturers  that  it  is  the  tangential  component  of 
the  attraction  forces  between  the  unlike  poles  of  the  magnets  in  the  two  halves 
of  the  coupling  that  is  the  souroe  of  the  torque  transfer.  Critical  examina¬ 
tion  of  Figure  II  suggests  that  this  is  not  the  sole  contributor  to  the  torque 
transfer  capacity.  The  figure  shows  that  when  the  outer  row  of  magnets  is 
moved  relative  to  the  inner  row  the  unlike  poles  uncover  one  another  and  at 
the  same  time  like  poles  are  made  to  approach  .one  another.  From  this  it'  is 
seen  that  for  each  puir  of  magnets  4  poles  contribute  attractive  effort  and  2 
poles  repulsive  effort.  The  torque  capacity  can  thus  be  said  to  be  the  com¬ 
bined  effect  of  attraction  and  repulsion.  Examination  of  the  aotual  ooupling 
suggested  that  the  magnet  arrangement  oould  be  Improved  to  utilise  this  com¬ 
bined  effect  if  the  Push-Pull  theory  is  tenable.  In  the  coupling  shewn  In 
Figure  I  the  width  of  the  poles  was  equal  to  the  interpolar  gap  for  the  indi-  < 
vidual  magnets  which  were  set  in  the  ooupling  so  that  the  spaoe  between  them 
was  equal  to  tfcoir  own  width  over  the  poles.  To  obtain  the  full  repulsion 
effort  from  all  poles  it  appears  essential  that  the  sequential  poles,  in  eaoh 
half  coupling,  should  be  equally  spaced  from  eaoh  other. 

3*  Tho  validity  of  the  'Push-Pull'  theory  depends  on  proof  that  the  repulsion 
effect  between  the  approaching  like  poles  contributes  a  substantial  component 
to  the  torque  capacity  of  the  ooupling.  In  order  to  test  the  thoory,  a  series 
of  experiments  was  designed  to  determine  the  order  of  the  contribution  that 
oould  be  expected  from  the  repulsive  effort. 

It  v/as  anticipated  that  the  magnet  proportions  would  have  an  influence  on 
the  results  and  to  obtain  information  on  this  point  the  first  experiments 
employed  three  standard  oommeroial  magnets  of  different  shapes,  shewn  in 
Figure  III.  Magnet  (a)  was  ohosen  for  its  square  polo  faces  and  its  short 
interpolar  gap.  as  compared  with  that  of  magnet  (c).  The  third  magnet  (b) 
wan  ohosen  for /'the  greater  length  of  pole  face  normal  to  the  direction  of 
magnetisation  with  a  small  interpolar  gap  and  narrow  poles. 

The  rig,  she™  in  Figure  IV,  was  made  to  carry  a  pair  of  magnets,  so 
that  they  oould  be  mounted  to  form  an  element  of  a  coupling.  One  magnet  was 
held  stationary  while  the  other,  mounted  on  a  balanced  arm  on  a  ball race  pivot, 
could  be  moved  relative  to  it.  Provision  was  also  made  for  tho  air  gap 
between  the  poles  of  the  two  magnets  to  be  varied  between  2  and  16  mm.  The 
magnets  oould  bo  mounted  so  that  they  oould  be  displaced  relativo  to  each 
other  either  in  the  plane  containing  tho  direction  of  magnetism  or  at  right 
angleB  to  it.  Figure  V  indicates  that  the  first  direction  of  relative  move¬ 
ment  is  in  the  plane  of  the  paper  and  will  be  resisted  by  the  attraction  of 
two  pairs  of  unlike  poles  and  the  repulsion  of  one  pair  of  like  poles*  The 
seoond  direction  of  relative  motion  takes  plaoe  at  right-angles  to  the  plane 
of  the  paper  and  will  be  resisted  by  the  attraction,  of  two  pairs  of  unlike 
poles  only.  To  measure  the  maximum  resistance  to  relative  motion,  the 
balanced  arm  of  the  rig  v/as  loaded  in  increments  and  the  greatest  load  sup¬ 
ported  without  the  arm  dropping  was  reoordedj  All  the  magnets  we  re  tested 
for  both  modes  of  relative  motion  and  over  the  range  of  airgaps  possible  with 
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the  rig.  The  results  for  the  magnets,  plotted  againBt  the  airgap,  are  shewn 
in  Figure t  VI,  VII  and  VIII,  from  whioh  it  will  be  seen  that  the  greatest 
resistance  to  relative  motion  is  produced  when  both  attraction  and  repulsion 
forces  are  brought  into  play  in  all  oases.  These  results  are  summarized  in 
Table  I  where  the  ratio s- 

Maximum  Resistance  to  relative  motion  in  direction  of  Magnetism 
Maximum  Resistance  to  relative  motion  normal  ■fco  direction  of  Magnetism 

is  given  for  two  values  of  airgap  for  the  three  magnets  a,  b  and  o. 


Table  I 


Magnet 

Ratio  at  Airgap 

13  no. 

2  mm. 

a 

2.2 

1.34 

b 

2.23 

2.22 

c 

1.81 

1.34 

It  is  seen  that  the  repulsive  effort  is  a  considerable  factor  in  pro¬ 
ducing  resistance  to  the  relative  displacement  in  a  coupling  of  the  Howard 
design,  and  consequently  its  oapaoity  for  '•.<  ~  ]ue  transmission.  The  results, 
also  reveal  differences  in  the  repulsive  .rt  produced  by  the  magnets  used 
in  the  tests.  Magnets  (a)  end  (o)  show  x..~c  the  repulsive  effort  becomes 
more  important  as  the  airgap  increases  and  it  is  evident  that  the  shorter  inter- 
polar  gap  of  magnet  (a)  may  have  some  influence  in  its  favour  at  the  longer 
airgap.  Magnet  (b)  shows  a  consistency  over  the  whole  range  of  airgap  dimen¬ 
sions  whioh  may  he  attributed  to  the  wider  front  of  action  normal  to  the 
direction  of  the  relative  motion  provided  by  the  longer  poles. 

If  the  ratio  in  Table  I  for  magnet  (b)  is  considered  it  is  seen  that  the 
component  values  for  the  attraction  and  repulsion  effects  oan  be  deduced. 

Let  the  attraction  effort  be  unity  then  the  repulsion  effort  is  the  difference 
between  the  ratio  in  the  table  and  unity.  The  tests  having  used  the  same 
pair  of  magnets  the  results  are  not  influenced  by  any  variation  in  the  flux 
linkages  between  them.  Hence  for  £  ho  magnet  (b)  pair  4  poles  contribute  i 
unit  of  attractive  force  and  2  pol#s  1.2  units  of  repulsive  force.  From  this 
it  is  seen  that  if  all  the  poles  iii  the  Howard  coupling  oan  be  made  to  produce 
to  the  full  both  attraction  end  repulsion  effort  the  torque  available  oan  be 
increased  with  the  seme  number  of  magnets  employed.  Using  the  values  deduced 
for  magnet  (b)  the  increase  in  torque  would  be  1.2  units  in  2.2  units  or  54«5$» 

4*  The  foregoing  arguments  have  been  based  on  the  evidence  of  a  single 
magnetic  oircuit  and  do  not  take  into  account  any  interaction  that  may  take 
plaoe  between  the  unit  circuits  when  built  into  a  coupling.  An  experimental 
oheok  was  carried  out  using  the  magnets  to  Figure  III  (b)  in  a  series  of  diso 
type  couplings  with  constant  airgap  and  different  magnet  arrangements.  These 
magnet  arrangements  are  shewn  diagranmatioally  in  Figure  IX  (a) -(d).  Coup¬ 

lings  of  2j  and  5  inch  pitch  circle  diameter  at  the  magnet  oentres  were  built. 

On  the  5  inch  pitch  circle  all  the  magnet  arrangements  could  be  builij  with  10 
magnets  in  arrangements  to  Figure  IX  (a)  and  (b)  and  20  magnets  in  the  other 
two,  these  figures  being  for  each  half  coupling.  In  the  2%  inch  pitch  oirole 
oouplings  the  nurtber  of  magnets  was  5  and  10  respectively.  The  coupling 
arrangemsnt  to  Figure  IX  (b)  could  not  be  used  with  5  magnets.  With  one 
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half  coupling  fixed  the  other  was  loaded  tangentially  and  the  maximum  load 
supported  without  the  coupling  slipping  was  measured.  The  experimental  figures, 
which  are  given  in  Appendix  1,  confirm  that  for  both  diameter  couplings  the 
magnet  arrangement  to  Figure  IX  (d)  will  support  more  than  twice  the  maximum 
load  supported  by  magnet  arrangement  to  Figure  IX  (a).  The  couplings  are 
oompared  by  the  ratio 

Maximum  Load  supported  by  2  x  magnets  to  Figure  IX  fd) 

Maximum  Load  supported  by  x  magnets  to  Figure  IX  { a) 

Table  II 


Pitch  Circle  diamater 
of  Magnets  in  inohes 

Ratio 

4 

2.49 

5 

2.69 

From  these  ratios  it  is  seen  that  the  magnet  arrangement  to  Figure  XX  (d) 
produces  22 4?  and  324%  inorease  in  the  effort  exerted  by  each  magnet  pair  in 
the  respective  couplings.  That  this  inorease  is  not  as  great  as  the  earlier 
work  suggested,  indicates  that  the  width  of  the  combined  poles  being  greater 
than  the  interpolar  gap  of  the  individual  magnets  did  not  allow  the  develop¬ 
ment  of  the  maximum  effort. 

The  load  supported  figures  for  the  other  couplings  show  that  whilst  the 
magnet  arrangements  Figure  IX  (a)  and  (b)  for  a  5  inoh  F.C.D.  coupling  produoe 
the  same  effort,  the  arrangement  to  Figure  IX  (o)  would  not  support  the  load 
that  half  the  number  of  magnets  to  arrangements  Figure  IX  (a)  and  (b)  will 
support.  This  fall  in  load  capacity  oan  only  be  due  to  the  cross  linkage  of 
flux  between  the  adjacent  unlike  poles  in  eaoh  half  coupling  at  the  expense  of 
the  linkage  across  the  airgap.  From  this  it  is  to  be  assumed  that  if  the  magnets 
in  Figure  IX  (a)  are  pitched  so  that  the  gap  between  the  adjacent  magnets  is 
equal  to  the  interpolar  gap  of  the  individual  magnets  considerable  cross  linkage 
will  occur  to  the  detriment  of  the  torque  capacity  of  the  coupling. 

The  above  results  show  that  the  magnet  arrangement  to  Figure  IX  (d)  is 
the  most  efficient  and  that  improved  results  could  be  expected  if  magnets 
having  an  interpolar  gap  of  twice  the  width  of  their  poles  were  used, 

5*  All  the  previous  results  have  been  based  on  couplings  with  a  single  row 
of  magnets.  The  initial  experiments  with  individual  magnets  indicated  that 
a  magnet  with  poles  whose  length  in  the  direction  normal  to  that  of  relative 
displacement  is  greater  than  their  width,  may  be  the  more  efficient  for  use 
in  couplings.  A  conparison  is  therefore  necessary  between  the  load  capacity 
of  couplings  employing  the  same  magnets  in  arrangement  to  Figure  IX  (d)  and 
a  double  row  arrange  rrent  to  Figure  IX  (a).  For  tests  of  this  order  a  drum 
type  coupling  is  superior  to  the  disc  type  and  for  this  reason  a  drum  type 
coupling  was  used  in  the  last  series  of  tests.  The  details  of  the  experi¬ 
mental  coupling  are  shewn  in  Figure  X.  The  construction  of  the  coupling 
enabled  up  to  24  magnets  per  half  coupling  to  be  used  in  1  to  3  rows  of  8  or 
1  to  6  rows  of  4*  This  enabled  direct  comparison  to  be  made  between  the 
Howard  arrangement  and  the  proposed  arrangement  using  the  same  magnets  with 
8,  16  and  24  per  half  ooupling.  To  investigate  the  influence  of  the  pole 
proportions  two  sets  of  43  magnets  were  obtained,  the  first  to  Figure  XI  A 
with  an  interpolar  gap  twice  the  width  of  the  poles  and  the  other  to  Figure 
XI  B  with  the  interpolar  gap  equal  to  the  pole  width. 
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It  will  be  aeen  from  Figure  X  that  the  inner  magnet  drum  ia  fixed  to  the 
angle  supports  end  the  outer  magnet  drum  ia  mounted  on  ballraces  ■which  are 
housed  on  the  shaft  extending  from  the  inner  half  of  the  coupling.  The  load 
was  applied  by  weights  on  a  scale  pan  supported  by  a  oord  anchored  to  and 
wrapped  round  the  major  diameter  of  the  outer  magnet  housing.  A  scale  fixed 
to  the  support  angle  and  a  pointer  mounted  on  the  outer  magnet  housing  were 
the  means  of  measuring  the  relative  displacsement  of  the  two  parts  of  the 
ooupling.  The  range,  of  couplings  built  for  the  tests  are  identified  in  the 
following 


Couplings  IA.  with  magnets  A  Figure  XI  assembled  to  Figure  IX  (a) 

giving  couplings  with  from  1  to  6  rows  of  4  magnets  per 
half  ooupling. 

Couplings  IIA.  with  magnets  A  Figure  XI  assembled  to  Figure  IX  (d)  giving 
oouplings  with  1  to  3  rows  of  8  magnets  per  half  ooupling. 

Couplings  IB.  with  magnets  B  Figure  XI  assembled  to  Figure  IX  (a) 

giving  couplings  with  from  1  to  6  row3  of  4  magnets  per 
half  ooupling. 


Couplings  im  with  magnets  B  Figure  XI  assembled  to  Figure  IX  (d) 

giving  couplings  with  from  1  to  3  rows  of  8  magnets  per 
half  ooupling. 

A  coupling  is  fully  identified  by  a  nuinerioal  suffix  indicating  the 
number  of  rows  of  magnets  in  itj  thus  a  2  row  assembly  of  Coupling  IIA  will  be 
referred  to  as  Coupling  IIA. 2. 


The  maximum  supported  load  without  slip  was  measured  for  all  the  18 
oouplings  with  their  relative  angular  daflaotion  as  the  loading  took  plaoe. 
Figure  XII  shews  the  maximum  load  supported  by  each  series  of  couplings 
plotted  against  the  total  number  of  magnets  in  the  ooupling.  In  Figure  XIII 
the  load  is  plotted  against  angular  displacement  for  the  couplings  IA.6, 

IIA. 3,  IB. 6  and  IIB.3.  The  maximum  load  figures  for  each  series  of  oouplings 
will  ho  seen  from  Figure  XII  to  substantially  follow  a  straight  line  law  and 
the  mean  line  has  been  drawn  for  each  series.  The  ratios  quoted  in  Table  III 
have  been  derived  from  the  mean  line  for  eaoh  ooupling.  The  experimental 
figures  are  given  in  full  in  Appendix  II.  It  is  clear  from  Figure  XII  that 
the  series  UA  and  IIB  couplings  oon  support  greater  loads  than, their  series 
IA  and  IB  counterparts  on  the  bases  of  Ihe  number  of  magnets  employed.  The 
graphs  do  not  however  show  that  the  Berios  IIA  and  IIB  oouplings  have  half 
the  number  of  rows  as  their  respeotive  series  I  counterparts  with  the  same 
number  of  magnets.  The  oouplings  oan  therefore  be  compared  on  the  basis  of 
the  number  of  magnets  or  oh  the  number  of  rows.  Table  III  shows  the  com¬ 
parisons  in  the  form  of  Ratios  which  are  derived  from:- 

Maxto.ua  Load  supported  by  Ooupling  IIA.  or  IIB. 

Maximum  Load  supported  by  Coupling  IA.  or  IB. 

the  ratios  being  obtained  on  the  basis  of  the  same  number  of  magnets  in  eaoh 
ooupling  and  on  the  number  of  rows  for  eaoh  magnet. 
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Tails  III 


Magnet  A  Fig.  XI 

j  Magnet  B  Fig.  XI 

No.  of 
Rows 

Ratio 

No.  of 
Magnets 

Ratio 

L 

No.  of 
Rows 

Ratio 

No.  of 
Magnets 

Ratio 

1 

3.13 

16 

1.135 

1 

2.72 

16 

1.07 

2 

2.84 

32 

1.245 

2 

2.45 

32 

1.105 

3 

2.79 

43 

1.28 

3 

2.39 

48 

1.11 

It  is  seen  that  the  series  II  couplings  support  a  greater  'load  than  their 
series  I  counterparts  both  on  the  basis  of  the  number  of  magnets  and  of  rows. 
Examining  the  ratios  on  a  row  basis  it  is  seen  that  the  ratio  decreases  as  the 
number  of  rows  increases.  This  can  only  be  due  to  the  increase  in  efficiency 
in  the  use  of  the  available  flux  by  the  series  I  oouplings  as  the  number  of 
rowa increases.  At  the  same  time  the  series  II  oouplings  increase  in  their 
efficiency  in  the  use  of  the  flux  as  is  shewn  by  the  increase  in  the  ratio  on 
the  basis  of  the  number  of  magnets  employed.  Prom  the  load  graphs  of  Figure 
XII  can  be  deduced  the  limiting  values  of  these  ratios  and  it  is  found  that  on 
the  number  of  rows  basis  they  aro  never  less  than  2.66  for  magnet  A  end  2.24 
for  magnet  B.  Similarly  on  the  basis  of  the  number  of  magnets  the  ratios  will 
never  exceed  1.3  for  magnet  A  and  1«12  for  magnet  B.  The  praotioal  value  of 
the  above  results  is  that  the  series  IIA  couplings  are  only  half  the  length  of 
their  series  IA  counterparts  and  obtain  an  increase  of  not  less  than  13%  in 
the  load  supporting  ability  of  eaoh  magnet  pair.  It  is  of  interest  to  note-, 
at  this  point,  that  the  coupling  IIA.1.  supports  56.5%  more  load  per  magnet 
pair  than  the  coupling  IA.1.  which  is  greater  than  the  54. 5  %  predicted  in 
section  2  above. 


6.  The  results  given  in  the  previous  section  oan  only  be  Interpreted  to  the 
full  if  the  relative  displacement  of  the  magnetic  poles  in  each  half  coupling 
to  Ihe  other  is  known.  Figure  XIII  shews  the  load  against  displacement  curves 
for  couplings  IA.6,  IIA. 3,  IB. 6  and  IIB.3,  from  these  ourves  and  the  physical 
dimensions  of  tho  magnets  it  is  possible  to  determine  the  relative  positions 
of  the  two , sets  of  poles  in  the  coupling  for  any  load.  It  is  however  the 
position  of  maximum  load  support  that  will  bo  studied  in  detail. 

The  dimensions  of  magnet  A  Figure  XI  are  Buch  that  each  pole  subtends  an 
aro  of  1l£°  and  the  interpolar  gap  one  of  22^°,  the  whole  magnet  subtending 
45°of  aro.  For  magnet  B  Figure  XI  the  poles  subtend  an  aro  of  15°  each  as 
does  the  interpolar  gap  and  the  whole  magnet,  an  aro  of  45°»  Using  these 
magnet  dimensions  and  the  treasured  angular  displacement  at  maximum  load  for 
the  four  couplings  the  position  of  the  poles  oan  be  deduoed  as  below:- 

Coupling  IA.6  the  relative  displacement  was  11.5°  which  Indicates  that 
the  opposing  unlike  poles  in  the  two  half  couplings  have 
just  uncovered  one  another  thus:- 


|N  -  -  S|  IN  -  -  sl  In - S|  Fixed. 

j S  —  —  N |  |S  -  -  N|  IS  -  -  N|  - \  Direction  of 

Displacement. 

Coupling  IIA.3  the  relative  displacement  was  24°  thus  indicating  that 

the  composite  poles  of  each  half  coupling  were  facing  the 
interpolar  gaps  of  the  magnets  in  the  opposite  half:- 


IK  -  -  SIS  -  -  NIN  -  SIS  -  -  NlN  -  -  SlS  -  -  N I  Fixed. 

-  SjS  -  -  N|N  -  -  S/S  -  -  NIN  ~  -  SIS  -  -  NlN  -  - -)  Direction  of 

Displacement 
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Coupling  IB. 6  tho  relative  displacement  was  15°  and  can  be  shewn  thus:- 

|n  -  s(  In  -  si  In  -  s|  In  -  si  Fixed. 

|  5  -  Nj  |  S  -  N|  |  S  -  N|  |  S  -  N|  .  ....  \  Direction  of 

Displacement. 

Coupling  IIB.3  in  this  coupling  the  relative  displacement  of  23° 

indicated  that  the  composite  poles  in  one  half  coupling 
had  centred  themselves  within  1°  with  the  interpolar  gaps 
of  the  magnets  in  the  other  half  coupling  thus:- 

IN  -  S|S  -  NjN  -  S |S  -  N|N  -  SjS  -  N|N  -  S|S  -  N|  Fixed- 

-  S I S  -  N|N  -  S|S  -  NIN  -  S|S  -  N|N  -  S|S  -  NlN  -  - -)  Direction  of 

1  *  1  Displacement. 

From  the  above  it  will  be  seen  that  the  couplings  IA.6,  IIA.3  and  IB. 6 
have  in  common  the  uncovering  of  unlike  poles  at  the  position  of  maximum  load 
support,  also  couplings  IIA.3  and  IB. 6  have  the  same  relative  position  of  like 
poles.  .  Coupling  IIB.3  has  overlapping  of  both  unlike  and  like  poles  which 
suggests  that  the  full  attractive  effort  is  not  being  developed  due  to  the 
overlapping  of  the  unlike  poles.  The  overlapping  of  the  like  poles  may  also 
mean  that  the  full  repulsive  effort  is, not  being  developed.  From  the  other 
couplings  it  can  be  assumed  that  the  full  attraotive  effort  is  produced  just 
as  the  unlike  poles  uncover  one  another.  That  this  position  of  unlike  poles 
does  not  occur  in  Coupling  IIB.3  oan  only  be  attributed  to  the  conditions  for 
load  support  becoming  unfavourable  as  the  like  poles  begin  to  cover  one  another. 
To  check  on  the  relative  pole  positions  for  a  coupling  in  which  repulsion  could 
be  expected  to  be  the  major  contributor  to  the  load  support,  tho  coupling  IB. 6 
was  modified  to  give  the  following  pole  conditions  in  the  unladen  condition 

In  -  sl  In  -  si  In-s|  |n  -  si 

IN  -  SI  |N  -  SI  IN  -  S|  |N  -  SI 

The  coupling  on  being  loaded  to  its  maximum  capacity  hod  a  deflection  of  28 
to  30°  whioh  was  indicative  of  a  pole  relationship  ofi- 

In  -  sl  In  -  sl  In  -  s|  In  -  s|  Fixed. 

|N  -  S|  |N  -  Sl  IN  -  SI  |N  -  S|  — X  Direction  of 

Displacement. 

This  pole  relationship  is  seen  to  be  the  same  as  that  for  the  unmodified 
coupling  IB. 6,  Tho  load  supported  by  the  modified  IB. 6  was  found  to  be  1475 

grammes  against  the  1882  grammes  for  the  original  IB.6.  The  some  magnets 
having  been  used  in  both  couplings  it  is  possible  to  assess  the  contribution 
of  the  two  components  i.e.  Attraction  and  Repulsion  -  since  in 
IB. 6  (unmodified) 

S  (  Attraction  effort  of  2  poles  +  Repulsion  effort  of  1  pole  for  eaoh 

magnet)  ■=  1882  g. 

and  in  IB.6  (modified) 

a  (  Attraction  effort  of  1  pole  +  Repulsion  effort  of  2  poles  for  eaoh 

magnot)  »  1475  g. 

From  this  it  is  found  that  in  Coupling  IB.6  the  attraction  effort  is 
1526  grammes  and  the  repulsion  effort  356  grammes  and  for  the  modified  IB.6 
the  figures  are  763  and  712  grammes  respectively.  Using  these  values  for  tho 
two  components  of  the  load  supporting  capacity  it  will  be  seen t  hat  if  the 
interpolar  gaps  of  the  individual  magnets  in  Coupling  IIB.3  could  be  opened 
up  to  twice  their  present  dimensions  the  coupling  should  then  produce  a  load 
support  figure  of;- 

1526  grammes  of  attractive  effort  +712  grammes  of  repulsive  effort  ■ 

2238  gromnes. 
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Using  this  result  it  is  of  interest  to  determine  the  ratios  of  load  supported 
to  coupling  IIB.3  on  a  row  basis  and  to  ooupling  IB. 6  on  the  basis  of  the 
number  of  magnets  employed.  These  ratios  are:- 


Ratio  of  loads  supported  on  the  basis  of  the  number  of  magnets 


IIB.3  modified 

tb7£ 


Ratio  of  loads  supported  on  the  basis  of  the  number  of  rows 


IIB.3  modified 
*  IB. 3' 


2283 
1  843 


S' 


2.71 


It  is  seen  that  these  ratios  approach  those  obtained  for  the  corresponding 
IIA  and  IA  couplings.  They  will  not  equal  those  ratios  because  the  IB  series 
couplings  are  more  efficient  than  those  of  the  IA  series. 


A  check  experiment  was  made  using  16  of  the  type  B  magnets.  In  this 
experiment  a  IIB.1  ooupling  wan  assembled  and  the  maximum  load  supported 
measured,  this  was  553  grammes.  The  16  magnets  were  then  modified  by  grinding 
the  inner  flanks  of  the  pole  pieces  away  until  the  interpolar  gap  was  twice 
the  width  of  the  pole  pieces,  the  magnets  were  then  re-assembled  into  a  single 
row  coupling.  The  maximum  load  supported  by  this  ooupling  was  673  grammes, 
thus  demonstrating  the  superior  load  capacity  of  a  ooupling  whose  pole  faces 
and  interpolar  gaps  subtend  equal  angles. 

7.  Examination  of  the  proportions  of  the  attractive  and  repulsive  efforts 
making  up  the  torque  capacity  of  Hie  IB.  6  coupling  as  deduced  in  section  6 
above,  reveals  them  to  be  totally  different  from  those  assumed  in  section  3. 
Expressing  the  proportions  of  the  two  components  as  a  percentage  of  the  maxi¬ 
mum  torque,  ooupling  IB. 6  has  its  torque  aorcposed  of  68.2  %  attractive  and 
31.8?S  repulsive  effort,  where  as  the  proportions  assumed  ip  section  3  are 
29*3  A  attractive  and  10.  TA  repulsive  effort.  It  becomes  necessary,  therefore, 
to  reoonsider  the  way  in  which  the  resistance  to  relative  movement  between 
the  two  parts  of  a  coupling  is  developed. 

In  a  ooupling  in  the  unladen  condition  the  poles  of  ono  part  of  the  coup¬ 
ling  are  in  alignment  with  the  unlike  poles  of  the  other  and  the  flux  linkages 
oan  be  considered  as  acting  in  a  direction  substantially  normal  to  the  pole'i'/ 
faoea.  On  the  application  of  a  torque  relative  movement  takes  place  between 
the  two  parts  of  the  coupling  end  continues  until  the  flux  linkages  produce  a 
balancing  torque.  The  way  ip  which  this  balancing  force  is  produced  will  be 
considered  in  the  first  place  for  two  opposed  unlike  poleB,  the  effects  of 
the  fields  of  adjacent  poles  being  neglected.  ' 

The  magnetio  material  employed  is  not  in  a  state  of  magnetic  saturation 
and  the  flux  linkages  will  endeavour  to  retain  the  shortest  path  across  the 
air  gap  (i.e.  they  will  tend  to  retain  a  direction  of  action  substantially 
normal  to  the  pole  faces).  It  oan  be  assumed  that  for  a  small  relative  dis- 

.placement  of  the  opposing  pole  faces,  the  linkages  will  tend  to  oonoentrato 
in  the  area  of  the  pole  faoes  that  remain  opposed  to  one  another.  This 
Increase  in  the  flux  density  will  be  accompanied  by  an  increase  in  the  repul¬ 
sion  between  the  individual  lines  of  linkage  and  it  is  this  repulsion  effort 
that  produces  the  balancing  force  against  the  load  causing  the  relative  dis¬ 
placement.  As  the  applied  torque  and  therefore  tho  relative  displacement 
inoreases  the  flux  density  increases  in  the  diminishing  area  of  the  pole  faoes 
opposed  to  one  another,  this  aotion  will  continue  until  the  flux  density 
readies  an  optimum  value,  producing  increasing  repulsion  between  the  individual 
lines  of  linkage.  The  optimum  value  of  the  flux  density  is  dependent  upon 
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the  characteristics  of  the  magnet  material  and  the  length  of  the  air  gap 
normal  to  the  polo  faces,  the  final  flux  density  obtainable  decreasing  as  the 
air  gap  lengthens.  In  step  with  this  flux  concentration  there  will  develop 
linkuges  from  the  exposed  faces  of  the  uncovering  poles,  whose  general  line 
of  action  will  be  at  an  angle  to  the  pole  faoesj  these  will  be  attractive  in 
action  and  have  a  oomponent  force  acting  in  a  direction  parallel  with  the  pole 
faces,  which  resists  the  relative  displacement.  As  the  relative  movement  of 
the  poles  increases  beyond  the  point  at  which  the  maximum  value  of  flux  oon- 
oentration  is  achieved,  increasing  numbers  of  linkages  of  the  attractive  type 
will  be  formed  adding  their  component  foroe  to  resist  the  movement  beoause  less 
linkages  will  be  able  to  maintain  their  path  normal  to  the  pole  faces.  Never¬ 
theless  even  at  the  point  of  maximum  displacement,  when  tho  polos  have  oompLoteJy 
uncovered  or o  another,  the  resisting  force  will  still  have  a  component  dorived 
from  the  mutual  repulsion  between  the  lines  of  linkage  whioh  will  seek  to  oon- 
oentrata  across  the  shortest  air  path.  Thus  for  two  unlike  poles  no  dear 
division  con  be  made  between  the  attractive  and  repulsive  components  of  the 
foroe  resisting  the  relative  displacement,  sinoe  in  the  initial  stages  of 
displacement  the  resistance  is  purely  repulsive  end  changes  gradually  to  a 
combination  of  repulsive  and  attractive  effort  as  the  displacement  increases, 
the  attractive  effort  beooming  more  important  as  the  point  of  maximum  dis¬ 
placement  is  reached. 


Consideration  must  now  be  given  to  tho  effect  of  the  fields  of  adjacent 
poles  on  the  two  poles  discussed  above.  Referring  to  the  polo  displacement 
diagram  for  the  coupling  IIA.3  in  seotion  6,  it  will  be  seen  that  as  a  dis¬ 
placed  pole  uncovers  its  opposing  unlike  pole  it  is  itself  approaohing  a  like 
pole,  at  the  same  time  it  is  being  followed  up  by  an  unlike  pole.  As" the 
like  poles  approaoh  one  another  mutual  repulsive  forces  will  he  brought  into 
play  and  their  intensity  will  increase  with  the  relative  displacement.  The 
component  of  this  mutual  repulsion  whioh  note  in  a  direction  parallel  with  the 
pole  faces  will  assist  in  resisting  the  relative  displacement.  The  repulsion 
between  the  like  poles  will  also  have  the  effect  of  assisting  the  flux  linkages 
between  the  uncovering  unlike  poles  to  oonoontrate  in  the  opposed  faces  of 
those  polos  and  at  tho  some  time  the  attractive  linkages  will  be  forced  into 
shorter  paths  thus  increasing  their  contribution  to  the  resistance  to  relative 
motion.  The  effect  of  the  approaching  like  poles  is,  therefore  to  prbduoe 
both  repulsive  and  attractive  effort  and  no  dear  division  can  be  made  between 
them  as  assumed  in  sections  3  and  6. 


8.  Prom  tho  proceeding  section  it  is  seen  that  the  torque  oapaoity  of  a 
coupling  is  best  thought  of  as  tho  resistance  of  tie  magnetic  field  to  distort 
tion.  In  resisting  the  relative  displacement  of  one  part  of  the  coupling  to 
the  other  the  magnetic  field  has  to  do  work,  this  work  oan  bo  oalculated  from 
the  loed-displaooment  ourvo  for  the  coupling.  For  tho  experimental  oouplings 
the  work  done  by  eaoh  osn  be  oalculated  from  the  curves  shewn  in  Figure  XIII. 
The  work  done  being  given  by:- 


(Area  under  Curve  X 


6.75  *.) 
180  ' 


C en t ime tre -gramme s . 


Table  IV  shews  the  values  oalculated  for  the  magnets  A  and  B  to  Figure  XI 
when  used  in  the  two  types  of  magnet  arrangements. 
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Table  IV 


Magnet 

Coupling 

Number 

of 

Magnets 

Volume  of 
.  Magnets 

, 

Maximum 

Relative 

displacement 

Degrees 

Work  done 
by  Coupling 

,  g») 

Work  done 
per  ac.  of 
Magnet 
(cm.  g.) 

A  Pig.  XI 

IA.6 

48 

144 

11.5 

990 

6.9 

tt 

IIA.3 

48 

144 

24 

2656 

18.4 

B  Pig.  XI 

IB. 6 

48 

192 

15 

2023 

10.6 

M 

IIB. 3 

48 

192 

23 

3665 

19.1 

It  is  seen  from  the  Table  that  the  magnets  A  do  2.68  times  the  work  when 
used  ih  the  IIA.3  coupling  than  they  do  in  the  IA.6  ooupling,  the  corresponding 
figure  for  the  magnet  B  being  1.81.  The  magnet  arrangement  UBed  in  the  IIA 
and  IIB  couplings  therefore  extracts  more  work  out  of  the  magnets  than  the 
magnet  arrangement  used  in  the  IA  and  IB  couplings.  If  th>  ooupling  IIA.3  is 
studied  in  detail  it  is  seen  that  the  individual  pole  faces  and  the  interpolar 
gaps  subtend  equal  angles  namely  22-g0  approx.  The  maximum  force  resisting 
relative  motion  is  developed  at  a  displacement  of  24°  approx. ,  it  may  be  token 
that  this  angle  is  equal  to  the  angle  subtended  by  the  pole  face  for  praotioal 
purposes.  Providing  that  these  two  values  are  always  equal  it  appears 
probable  that  the  mount  of  work  obtained  from  eaoh  cubic  centimetre  of  magnet 
employed  will  be  the  same  foy  any  value  of  the  angle  subtended  by  the  pole 
faces.  Thus  if  the  sume  volume  of  magnetio  material  as  employed  in  the  coup¬ 
ling  IIA.3  is  disposed  so  that  there  ore  16  consequential  poles  whose  faces 
subtend  on  angle  of  il£°  with  interpolar  gaps  subtending  the  same  angle,  then 
the  maximum  tangential  force  will  be  developed  with  a  relative  displacement 
of  1 1 and  the  work  done  by  the  ooupling  will  be  the  same  as  that  done  by 
the  IIA.3  coupling.  The  displacement  of  the  new  ooupling  is  only  half  that 
of  the  IIA.3  therefore  the  tangential  foroo  will  approximately  bo  doubled, 
the  mean  diameter  and  air  gap  being  maintained  constant.  It  appears,  there¬ 
fore,  that  by  adjusting  the  number  of  poles  (always  an  even  number)  the 
characteristics  of  a  coupling  con  be  varied  whilst  employing  the  same  volume 
of  magnotic  material.  The  torque  will  increase  as  the  number  of  poles 
increases  and  the  relative  movement  decreases  and  vice-versa.  The  maximum 
number  of  poles  whioh  oon  be  employed  in  a  ooupling  of  fixed  diameter  will  be 
influenced  by  the 'air  gap  required  between  the  opposing  magnets,  in. general 
the  greater  the  'Throw1  required  from  a  magnet  the  greater  the  interpolar  gap 
is  required  to  be.  Subject  to  experimental  determination  of  the  optimum 
relationship  between  the  length  of  air  gap  and  interpolar  gap  it  is  felt  that 
the  latter  should  not  be  less  than  the  former. 

In  the  design  of  a  coupling  the  torque  required  and  the  permitted  relative 
movement  between  the  two  parts  of  the  coupling  will  be  known:  the  problem  is 
to  determine  the  magnet  dimensions  and  characteristics  of  the  material  to  be 
employed,  For  magnetio  follower  drives  for  instruments,  in  whioh  a  bar 
magnet  is  used  with  a  non -magnetised  magnetic  material  follower  The  General 
Electric  Company  of  America3*  use  an  approximate  method  for  the  initial  deter¬ 
mination  of  the  size  of  the  magnet  required.  In  this  method  the  energy 
content  of  the  magnet  material  at  its  chosen  working  point  on  the  PH  curve  is 


*  R. J,  Parker,  Permanent  Magnets  in  Drag  Devices  and  Torque  Transmitting 
Couplings  General  Electric  Review,  Vol.  50  No. 9  September,  1949« 
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equated  with  the  work  to  he  done  by  the  magnet  in  resisting  relative  movement 
between  the  two  parts  of  the  drive  as  oaloulated  from  the  known  requirements, 
the  equation  being  solved  for  the  volume  of  magnetic  material  required. 

Further  experimental  work  on  the  type  of  couplings  diBousaed  in  this  paper 
should  lead  to  the  determination  of  a  similar  method  of  estimating  the  volume 
of  magnets  required  and  for  convenience  the  establishment  of  an  equation  of 
the  form 

j  a  Em  Vm 

© 

where  T  =  Torque  required  at  mean  diameter  of  air  gap 

Em  »  Energy  content  of  unit  volume  of  magnet  material 
Vm  »  Volume  of  magnet  material 
9  =  Angle  of  relative  displacement  in  Radians 

K  =  Constant  (to  be  experimentally  determined  and  will  be  influenced 
by  air  gap  length,  and  axial  length  of  coupling) 

is  desirable. 

9.  The  imposition  of  a  diaphragm  in  the  air  gap  between  the  magnets  of  the 
two  parts  of  the  ooupling  will  introduce  an  inorease  in  the  torque  demanded 
from  the  prime  mover.  This  will  arise  from  the  eddy  currents  induced  in  the 
diaphragm  by  the  revolving  magnetic  field.  The  losses  for  a  ooupling  of  the 
IA  or  IB  series  are  compared  with  those  of  a  IIA  or  IIB  series  in  Appendix  III. 
It  is  seen  that  the  losses  are  substantially  the  same  for  the  same  magnets 
employed  in  either  series  of  couplings.  In  designing  the  diaphragm  the  walls 
must  be  kept  as  thin  as  possible  in  order  to  keep  to  a  minimum  the  effective 
air  gap  between  the  magnet  poles  in  the  two  half  oouplings.  The  material 
ohosen  must  be  non-magnetio  and  have  a  high  eleetriool  resistance.  Stainless 
steel  of  the  18/8/1  olass  in  ita  fully  softened  condition  is  a  suitable  material, 
alternatively  the  fibre  glass  materials  with  synthetic  resin  bonders  of  the 
polyester  type  or  silicone  bonding,  for  higher  temperatures,  offer  the  advan¬ 
tages  of  non-magnetio  and  non-conduoting  oharaoteristios. 

10.  The  results  of  this  investigation  show  that 

(a)  The  Howard  ooupling  does  not  utilize  fully  the  magnetic  flux 
available. 

(b)  To  obtain  the  maximum  utilization  of  the  magnetic  flux  the  magnetic 
poles  in  eaoh  half  coupling  must  be  arranged  to  form  a  sequence  of 
poles  N  -  S  -  N  -  S  with  the  width  of  the  pole  faoes  equal  to  the 
width  of  the  interpolar  gaps.  Further  all  poles  must  be  linked 
within  the  body  of  eaoh  half  ooupling  by  magnetic  material. 

(o)  The  findings  are  applicable  to  both  disc  end  drum  type  oouplings. 

« 

(d)  Further  experimental  work  is  required  to  establish  the  relationship 
between  she  dumber  of  poles  and  torque  for  couplings  employing  the 
same  volume 'of  magnetic  material. 

11.  Finally  the  authors  wish  to  state  that  the  load  figures  quoted  in  this 
paper  must  not  be  taken  as  indicative  of  the  true  capabilities  of  the  magnets 
used,  nor  should  the  performance  of  magnets  A  and  B  be  oompared,  since  for 
experimental  expediency  they  were  purchased  in  the  magnetized  condition  and 
ground  as  required  when  assembled  in  the  coalings.  That  they  produced  con¬ 
sistent  results  in  their  random  use  in  building  up  the  series  of  oouplings  is 
on  indication  of  the  stability  of  modem  magnetic  materials  when  subjected  to 
no  little  abuse. 

(Sgd. )  S.H.  Fryer, 

WGS/fHD/DS  Hewi,  Engineering  Section, 

(Sgd. )  A.C.  Peacock, 

Supt. ,  Development  Division, 
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In  order  to  confirm  deductions  regarding  magnet  spacing  and  the  utilisa¬ 
tion  of  both  the  attractive  and  the  repulsive  effects  of  the  magnet  poles,  a 
series  of  tests  were  conducted  using  the  apparatus  shown  in  Pig.  XIV. 

ii 

ThiB  apparatus  consisted  basically  of  two  similar  discs  of  in.  diameter, 
one  being  fixed  and  the  other  being  free  to  rotate  around  a  plain  bearing. 

Each  disc  was  drilled  to  aooommodate  20  Button  type  magnets  (Pig.  Ill  b)  or 
a  5  in.  P.C.D.  or  10  suoh  magnets  on  a  2 ^  in.  P.C.D.,  the  disos  being  separated 
by  a  spacer  of  suoh  length  as  to  maintain  an  air  gap  of  ^  in.  between  opposing 
magnet  poles. 

Various  magnet  arrangements  were  tried  as  in  Pigs.  IX  a  -  IX  d,  ranging 
from  5  magnets  on  the  2-g-  in.  P.C.D.  to  20  magnets  on  the  5  in.  P.C.D.,  the 
maximum  supported  load  being  found  in  eaoh  case  by  loading  the  scale  pan 
attaohed  to  the  free  disc,  until  the  ooupling  slipped. 

The  results  of  those  tests  are  tabulated  below: - 


No.  of 
magnets 

P.C.D. 

Magnet  spaoing 

Pole 

disposition 

Max.  load.  (g.  ) 

5 

2^  in. 

Equally  spaced 

Unlike 

jpoles 

adjacent 

(Pig.  IX  a) 

70 

10 

2^  » 

In  oontaot 

ii 

It 

adjoining 

(Pig.  IX  o) 

64.5 

10 

2£  " 

11  It 

Like 

M 

II 

(Pig.  IX  d) 

174.5 

10 

5  " 

Equally  spaced 

Unlike 

1! 

adjacent 

(Pig.  IX  a) 

262.5 

10 

5  " 

»  II 

Like 

II 

11 

(Pig.  IX  b) 

264.5 

20 

5  " 

In  oontaot 

Unlike 

It 

adjoining 

(Pig.  IX  o) 

245.5 

20 

5  • 

II  11 

Like 

II 

11 

(Pig.  IX  d) 

707.5 

II 
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As  a  means  of  comparison  between  the  Howard  and  the  proposed  arrangement 
when  applied  to  a  drum  type  ooupling,  an  experimental  coupling  of  this  type 
was  made  as  in  Pig.  X,  in  which  the  inner  drum  was  fixed,  while  tho  outer 
drum  was  free  to  rotate  around  it  on  ball-races  mounted  on  an  extension  to  the 
inner  drum.  The  design  was  such  as  to  allow  various  magnet  arrangements  to 
be  aacommodated,  from  1  to  3  rows  of  8  magnets  or  from  1  to  6  rows  of  4  magnets 
in  eaoh  drum. 

Maximum  torque  values  were  obtained  by  loading  a  scale  pan  attaohed  to 
a  cord  which  was  wrapped  around  and  fixed  to  the  outer  circumference  of  the 
outer  drum.  A  pointer  attaohed  to  the  outer  drum  registered  with  a  fixed 
scale  on  the  inner  drum  to  indicate  angular  displacement  as  the  load  was 
increased  to  the  point  where  the  coupling  slipped. 

Tests  were  oarried  out  on  two  sets  of  magnets,  one  set  being  to  Fig*  XIA, 
in  which  the  interpolar  gap  is  twioe  the  pole  face  width,  and  the  other  set 
to  Fig.  X3B,  having  an  interpolar  gap  equal  to  the  polo  face  width. 

The  results  of  the  tests  are  given  below,  and  are  shown  graphically  in 
Fig.  XII. 


Magnet  XIA 

Coupling  IA  | 

Coupling  IIA 

No.  of 
rows 

No.  of 
magnets 

Ma^:.  ^oad 

Displace¬ 

ment 

No.  of 
rows 

No.  of 
magnets 

Mcof.  ^oad 

Displace¬ 

ment 

1 

8 

116 

11.5° 

i 

16 

363 

II 

2 

16 

323 

11.5° 

2 

32 

'  916 

■9 

3 

24 

533 

11.5° 

3 

48 

1456 

24° 

4 

32 

703 

11.5° 

• 

5 

40 

946 

11.5° 

6 

48 

1146 

11.5° 

- 

Magnet  XIB 

j  Coupling  IB  j 

Coupling  IIB 

No.  of 
rows 

No.  of 
magnets 

Max.  load 
(g*) 

Displace¬ 

ment 

No.  of 
rows 

Max.  load 
(g») 

Displace¬ 

ment 

1 

8 

223 

mKSM 

i 

16 

555 

2 

16 

513 

2 

32 

1362 

3 

24 

843 

1  1 

3 

48 

2085 

o 

CM 

4 

32 

1215 

45 

— 

43 

- 

1882 

15° 
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From  these  re  suits  it  is  possible  to  compare  the  two  magnet  arrangements 
in  two  different  ways  for  each  type  of  magnet  (1)  on  the  basis  of  the  number 
of  rows  in  eaoh  drum  and  (2)  on  the  basis  of  the  total  number  of  magnets 
employed  in  the  ooupling,  the  ratio  in  eaoh  case  being  given  by:- 

Max.  load  supported  by  Coupling  IIA  or  IIB 
"  "  "  11  "Coupling  IA  or  IB 

Using  figures  read  from  the  best  mean  line  (Fig.  XII  for  eaoh  series,  the 
ratios  obtained  ares- 


Magnet  XIA 

On  row  basis 

On  magnet  basis 

No.  of 
rows 

Coupling 

Coupling 

Ratio 

IIA/IA 

,  No.  of 
magnets 

Coupling 
“  IA 

Coupling 

Ratio 

iia/ia 

i 

116  grms. 

363  grias. 

3.13 

16 

320  grms. 

363  grms. 

1.135 

2 

320  " 

910  " 

2.84 

32 

730  " 

910  » 

1.245 

3 

525  " 

- — i — 

1463  " 

2.79 

48 

1145  " 

1463  " 

1.28 

Magnet  X3B 

On  row  basis 

On  magnet  basis 

No.  of 
rows 

Coupling 

IB 

Coupling 

IIB 

Ratio 

IIB/IB 

No.  of 
magnets 

Coupling 

IB 

Coupling 

IIB 

Ratio 

IIB/IB 

1 

215  grms. 

585  grms. 

2.72 

16 

545  grms. 

585  grms. 

1.07 

2 

545  " 

1335  " 

2.45 

32 

1210  " 

1335  " 

1.105 

3 

875  " 

2088  " 

2.39'’’ 

48 

1880  " 

2088  " 

1.11 
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